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Summary
Insect immune defense is mainly based on humoral
factors like antimicrobial peptides (AMPs) that kill the
pathogens directly [1] or on cellular processes involv-
ing phagocytosis and encapsulation by hemocytes
[2]. In Drosophila, the Toll pathway (activated by fungi
and gram-positive bacteria) and the Imd pathway (ac-
tivated by gram-negative bacteria) lead to the synthe-
sis of AMPs [3]. But AMP genes are also regulated
without pathogenic challenge, e.g., by aging, circa-
dian rhythms, and mating [4–8]. Here, we show that
AMP genes are differentially expressed in mated fe-
males. Metchnikowin (Mtk) expression is strongly
stimulated in the first 6 hr after mating. Sex-peptide
(SP), a male seminal peptide transferred during copu-
lation, is the major agent eliciting transcription of Mtk
and of other AMP genes. Both pathways are needed
for Mtk induction by SP. Furthermore, SP induces ad-
ditional AMP genes via the Toll (Drosomycin) and the
Imd (Diptericin) pathways. SP affects the Toll pathway
at or upstream of the gene spätzle, the Imd pathway
at or upstream of the gene imd. Mating may physically
damage females and pathogens may be transferred
[9]. Thus, endogenous stimulation of AMP transcrip-
tion by SP at mating might be considered as a preven-
tive step to encounter putative immunogenic attacks.
Results and Discussion
Mating in D. melanogaster and in many other insects
elicits various postmating responses (PMR) in females,
e.g., enhanced ovulation and oviposition, reduced re-
ceptivity (willingness to remate) [10], and stimulation of
the innate immune system ([6, 7]; E. Domanitskaya and
E.K., unpublished). The PMR are mainly elicited by
seminal fluid transferred during copulation. One of its
components, Sex-peptide (SP; a 36 amino acid long
peptide synthesized in the male accessory glands [11]),
is the major agent eliciting oviposition and reduction of
receptivity [12, 13]. Here we investigate the time course
of AMP induction after copulation and determine SP as
one of the major seminal components eliciting tran-
scription of AMP genes after mating.
D. melanogaster produces about 20 different antimi-
crobial peptides. The AMPs can be classified into
seven distinct families: Attacins, Cecropins, Diptericins,
Drosocins (against gram-negative bacteria), Defensins,*Correspondence: ekubli@zool.unizh.chMetchnikowin (against gram-positive bacteria), and
Drosomycins (against fungi [14]). Mating induces tran-
scription of all probed AMP genes: Attacin A and C,
Cecropin B, Diptericin, Drosocin, Defensin, Metchni-
kowin, and Drosomycin (data not shown), thus confirm-
ing the data obtained by microarray analysis [6, 7].
To cover the whole spectrum of AMPs induced by
different types of pathogens, in this study we focused
on the transcription of the Metchnikowin (Mtk; induced
by both pathways), Drosomycin (Drs; induced by the
Toll pathway), and Diptericin (Dipt; induced by the Imd
pathway) genes, respectively. In mated females Mtk,
Drs, and Dipt induction are observed already 1 hr after
mating (Figure 1). Expression peaks between 2 and 4
hr and fades away after 8 hr, again reaching the virgin
level. However, the degree of upregulation varies, Mtk
showing the strongest response.
To identify the elements responsible for the elevated
transcription of the AMP genes, males without func-
tional SP (SP0 males [13]) and males without germline
(germline-less [GLL] males; sons of TmIIgs1/TmIIgs1 fe-
males lacking the germline [15]) were mated with virgin
wt females. 2 hr after mating, RNA was extracted from
the mated females and analyzed by Northern blots and
quantitative PCR (Figures 2A and 2B). SP0 males fail to
induce the transcription of AMP genes, whereas GLL
males induce AMP genes at about 4/5th of the level of
wt males (Figure 2B). The latter finding indicates that
sperm plays a minor role in eliciting Mtk transcription
and is consistent with the findings of McGraw et al. [6].
To confirm the capability of SP to induce the tran-
scription of the Mtk gene, transgenic females express-
ing SP ectopically and constitutively (driven by the pro-
moter of the Yp1 gene; i.e., Yp-SP females; [16]) were
analyzed for Mtk expression. In contrast to the very low
level of Mtk expression in virgin control females, Mtk
expression in virgin Yp-SP transgenic females is al-
ready high (Figures 2C and 2D), even higher than in
mated control females. It is not further increased by
mating, i.e., Mtk in Yp-SP virgins is already transcribed
at a maximal rate. We conclude that SP is the major
agent eliciting Mtk expression after mating and that
constitutive expression of SP leads to permanent high
levels of Mtk transcription. Furthermore, since SP con-
centration in the hemolymph of transgenic Yp-SP fe-
males is higher than in the hemolymph of mated fe-
males (M. Soller and E.K., unpublished results) and Mtk
transcription is statistically significant higher in Yp-SP
transgenic females than in wt females mated with wt
males (Figure 2D), the level of transcription of AMP
genes is very likely dependent on SP concentration.
We also investigated the SP-induced expression of
two additional AMPs dependent on the Toll (Droso-
mycin) or the Imd (Diptericin) pathways, respectively
(Figure 3). Expression of Drs and Dipt was monitored in
virgin wt females, in wt females mated with wt or SP0
males, respectively, and in virgin and mated Yp-SP
transgenic females (the latter mated with wt males).
Sex-peptide also induces the transcription of Drs and
Dipt, but the induction of Drs and Dipt is weaker by
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1691Figure 1. Mating Stimulates the Transient Transcription of Antimi-
crobial Peptide Genes
Northern blot analysis of transcriptional levels of Mtk, Drs, Dipt,
and Yp1 of mated 3-day-old wild-type females at different time
points after mating. 30 g of total RNA was loaded in each slot.
Blots were probed with specific probes for Mtk, Drs, Dipt, Yp1 (as
an indicator of SP action; SP induces Yp1 in the fat body and folli-
cle cells [16, 25]), and rp49 (as a loading control) and exposed for
various time periods to optimize the visibility of the induction.orders of magnitude than that of Mtk (Figures 3A and
3B). Constitutive expression of SP in Yp-SP transgenic
females leads to continuous expression of Drs and Dipt
and elevates the expression of Dipt statistically signifi-
cant above the level induced by mating (Figure 3D). We
conclude that specific AMP genes respond differenti-
ally to SP induction.
The Toll and Imd signaling cascades are the major
and best-characterized pathways involved in the acti-
vation of AMPs after pathogenic challenges [3]. The ef-
fect of SP on AMP expression was studied by compar-
ing the expression of Mtk, Drs, and Dipt in wt females
or in females mutant in the Toll and Imd pathways, re-
spectively, before and after mating with wt males. RNA
was extracted from virgin and mated females and ana-
lyzed by quantitative PCR.
With the exception of dorsal (dl), all loss-of-function
mutants of the Toll and Imd pathways abolish or
strongly reduce Mtk expression after mating (Figure
4A). Thus, Mtk expression induced by SP is dependent
on both pathways. Furthermore, since spz and imd fe-
males fail to induce Mtk transcription after mating, SP
must act on or upstream of spz and imd. dl and its
functional homolog dif were reported to be involved in
AMP gene transcription under pathogenic challenge in
the larval stage, but not functional in the adult immune
defense [17]. We observe a partial response in dl fe-
males, indicating that dlmay be partially involved in the
innate immune response elicited by SP in adult females
(Figure 4A).
Drs expression, controlled by the Toll pathway, is
completely abolished in spz and Tl mutants (Figure 4B).
Correspondingly, Dipt expression, which is controlled
by the Imd pathway, is completely abolished in the Imd
pathway loss-of-function mutants imd, Tak1, and rel
(Figure 4C). We conclude that SP can activate the Toll
and the Imd pathways. The Toll pathway is essential for
Drs expression, whereas the Imd pathway is essential
for Dipt expression.
The SP-induced immune response activates the tran-Figure 2. Sex-Peptide Is the Major Seminal Agent Stimulating
Metchnokowin Transcription
(A) Northern blot analysis of transcriptional levels of Mtk and Yp1
of 3-day-old wt females mated with SP0 males or GLL males, re-
spectively.
(B) Analysis by quantitative PCR of Mtk transcription in 3-day-old
wt virgins and 3-day-old wt females mated with wt, SP0, or GLL
males, 2 hr after mating. Standard deviations are indicated; dif-
ferent letters indicate a statistically significant difference (p <
0.05, ANOVA).
(C) Northern blot analysis of Mtk and Yp1 transcriptional levels in
3-day-old virgin and Yp-SP transgenic females mated with wt
males. C, control females (hs-SP virgins without heat-shock; same
genetic background as Yp-SP females [16]).
(D) Analysis by quantitative PCR of Mtk transcription in 3-day-old
virgin and mated control and transgenic Yp-SP females. Control
and Yp-SP females were mated with wt males. In (B) and (D), the
level ofMtk expression is shown relative to its expression level in 3-
day-old wt virgins (fold change). Standard deviations are indicated;
different letters indicate a statistically significant difference (p <
0.05, ANOVA). Genotypes used: SP0, SP0/SP males [13]; GLL,
germline-less males (sons of homozygous mothers of TmIIgs1); Yp-
SP, transgenic flies containing the Yp1 promoter-SP open reading
frame construct. The ordinate shows the fold change of Mtk ex-
pression as calculated from the quantitative PCR results with rp49
as internal reference of normalization.scription of all three AMP genes studied (Figures 2 and
3). After pathogenic infections, Drs is induced by the
Toll pathway and Dipt by the Imd pathway, whereas
both pathways induce Mtk expression [3, 18]. Our re-
sults obtained with the loss-of-function mutants follow
this scheme (Figure 4). Whereas loss-of-function mu-
tants of both pathways reduce or abolish Mtk expres-
sion after mating (Figure 4A), induction of Drs expres-
sion is only abolished by loss-of-function mutants of
the Toll pathway (Figure 4B), whereas induction of Dipt
expression is only lost in mutants of the Imd pathway
(Figure 4C). In sum, the classical pathways are acti-
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1692Figure 3. Sex-Peptide Stimulates Transcription of Drosomycin and
Diptericin Genes
(A and B) Analysis of transcriptional levels by quantitative PCR of
Drs (A) and Dipt (B) in 3-day-old wt females mated with wt, SP0, or
germline-less (GLL) males, 2 hr after mating.
(C and D) Quantitative PCR analysis of transcriptional levels of Drs
(C) and Dipt (D) in 3-day-old virgin or mated control and Yp-SP
transgenic females, respectively. C, control females (hs-SP virgins
without heat-shock, same genetic background as Yp-SP females
[16]). The ordinate shows the fold change of Drs and Dipt expres-
sion as calculated from the quantitative PCR results with rp49 as
internal reference of normalization. The level of Drs or Dipt expres-
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Aated to induce the transcription of AMP genes after
ating as after microbial or fungal infections.
Detection of microorganisms and triggering the ap-
ropriate pathway is achieved by pattern recognition
eceptors (PRRs), immune proteins recognizing general
icrobial components [19]. Two families of PRRs have
een identified in Drosophila: the peptidoglycan rec-
gnition proteins (PGRPs) and the gram-negative bind-
ng proteins (GNBPs). Some of the 13 PGRPs encoded
n the D. melanogaster genome have been implicated
n the activation of specific immune responses [20].
owever, the signaling cascades between the PRRs
nd the Toll and the Imd pathways are not well charac-
erized. Since in spz and imd null mutants AMP induc-
ion by SP is specifically abolished, the inducing sig-
als must affect the signaling cascades at or upstream
f those genes. At this stage, we cannot determine
hether SP enters the pathways at the PRR level or at
n intermediate level between the PRRs and spz or imd,
espectively. Furthermore, the induction of AMPsmay oc-
ur systemically (e.g., in the fat body) or locally in the
eproductive tract [21]. Microarray analysis of AMP ex-
ression after mating of wt females with either wt or
P0 males, respectively, suggests that AMPs are mainly
nduced in the abdomen (E. Domanitskaya and E.K.,
npublished), but it does not discriminate between a
ystematic response in the abdomen and a specific re-
ponse in the genital tract.
D. melanogaster females undergo dramatic physio-
ogical changes after mating, predominantly induced by
P [22]. Mating may also physically damage females
nd may expose the female to pathogens transferred
y the male as shown for the milkweed leaf beetle [9].
hus, the activation of the innate immune system to
ncounter putative immunogenic attacks during this
ensitive phase of the life history of females makes bio-
ogical sense. The signal is plausibly coupled to copula-
ion in the form of SP transferred in the seminal fluid.
uch a mechanism might allow the female to respond
reventively to potential threats. In sum, our findings
ay describe the result of an optimal economical bal-
nce between spending costly energy for the innate im-
une response and preventive measures to fight a pu-
ative pathogenic attack.
xperimental Procedures
ly Stocks
he following D. melanogaster fly stocks were used: OreR wild-
ype; VC, virginizer stock [23]; yw, G10: Yp-SP; SP0 (E.K., Uni-
ersität Zürich); TmIIgs1/TmIIgs1 (M. Steinmann-Zwicky, Universität
ürich); spz197/TM6C(Tb, Sb); w, (drs-lacZ, w+)T11-RXA, e/TM6C;
1i632/TM6C (B. Lemaitre, CNRS Gif-sur-Yvette); T110b, e/TM3, Ser,
b/OR60; st1, tub2, e1/TM8, I3DTS4(1); e[1]pll[2]ca[1]/TM3, Sb[1];
[1]pll[7]ca[1]/TM3, Sb[1]; cact1cn1bw1/CyO, I2DTS5131; cact4/pr1/
yO, P(ry(+t*) = elav-lacZ.H)YH2; Dif2/Cyo; dl1/Cyo; imdR156 (hypo-
orph); y, dTAK11; y1w67c23; ry506 P{SUPor-P}ird5KG08072; y+; relE20i
K. Basler, Universität Zürich).ion, respectively, is shown relative to their expression level in 3-day-
ld wt virgins (fold change). Standard deviations are indicated; dif-
erent letters indicate a statistically significant difference (p < 0.05,
NOVA).
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1693Figure 4. Sex-Peptide Activates the Toll and the Imd Pathways to
Induce the Transcription of Antimicrobial Peptide Genes
Quantitative PCR analysis of transcriptional levels of Mtk (A), Drs
(B), and Dipt (C) in 3-day-old wt and mutant females of the Toll and
the Imd pathways 2 hr after mating (M, mated females). The ordi-
nate shows the fold change of Mtk, Drs, and Dipt expression as
calculated from the quantitative PCR results with rp49 as internal
reference of normalization. The level of Mtk, Drs, or Dipt expres-
sion, respectively, is shown relative to their expression in 3-day-old
wt virgins (fold change). Genotypes used: wt, Oregon R wild-type
strain; spz, spz197/spz197; Tl, T11-RXA/T1i632; tub, tub2/tub2; pll, pll2/
pll7; dif, dif2/dif2; dl, dl1/dl1; imd, imdR156/imdR156; Tak1, Tak11/
Tak11; ird, ird5/ird5; rel, relE20/relE20. Standard deviations are indi-
cated; different letters indicate a statistically significant difference
(p < 0.05, ANOVA).Northern Blots
Northern blots were performed according to standard methods [24]
with females collected under different conditions. Total RNA was
extracted from 30 females (repeated twice) with the Trizol reagent(Invitrogen). The following probes were used: Diptericin cDNA, Dro-
somycin cDNA, Metchnikowin cDNA, Attacine A and C cDNAs,
Cecropin B cDNA, Defensin cDNA, and Yolk protein 1 cDNA (a PCR
fragment of approximately 400 bp generated between two oligonu-
cleotides designed after the YP 1 coding sequence) and rp49 cDNA
(a PCR fragment of approximately 400 bp generated between two
oligonucleotides designed after the rp49 coding sequence). All
cDNA sequences are available upon request.
Quantitative Real-Time PCR
Total RNA was extracted from 30 females using Trizol (repeated
three times). The extracted RNA was subjected to an on-column
DNase digest (RNeasy Kit, Quiagen). 1 µg total RNA was used for
cDNA synthesis using the SuperScript II reverse transcriptase kit
(Invitrogen). Control reactions were performed without reverse tran-
scriptase to verify that the amplified products were bona fide cDNA
amplicons. Quantitative PCR reactions were performed in triplicate
in a total volume of 10 l using gene-specific primers at a final
concentration of 300 nM. Quantitative PCR was performed accord-
ing to standard procedures (40 cycles of PCR amplification con-
sisting of a 15 s denaturation at 94°C, and 1 min elongation at
60°C). PCR amplification was monitored using the Applied Biosys-
tems SYBR Green kit and the ABI Prism 7900HT System (Applied
Biosystems). All results were normalized to the rp49 mRNA level
and calculated using the Ct method as described in the Applied
Biosystems user bulletin #2 (updated version 04/2001). Individual
primer sequences are available upon request.
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